Tetragonal zirconia polycrystals (TZP) are ceramics combining high strength and fracture resistance which are applied in biomedical and engineering applications. In this study, a nanoscale monoclinic zirconia nanopowder was coated with 3 mol-% ytterbia via a wet chemical route. The powders obtained after calcination and milling were consolidated into dense samples by hot pressing at 12751500°C for 1 h at 50 MPa axial pressure. Microstructure phase composition and mechanical properties were determined. The materials were initially very fine grained and showed grain growth starting at sintering temperatures exceeding 1350°C. At low sintering temperatures bending strength values of 10001100 MPa were recorded along with high fracture resistance of >10 MPa√m. In the sintering temperature range between 13501375°C, a steep decline of toughness to a level of 6 MPa√m was observed. This decline in fracture resistance is accompanied by a drop in transformability of the tetragonal phase and grain growth. While TZP from coprecipitated powders tend to become tougher with sintering temperature and increasing grain size, materials from stabilizer coated powders showed an adverse tendency. The tough to brittle transition in the 3Yb-TZP studied was attributed to the elimination of the initial stabilizer concentration gradient in the tetragonal grains.
Introduction
Zirconia materials achieve high strength and fracture resistance by a phenomenon called "transformation toughening", which can be described as a stress induced diffusionless martensitic transformation from the metastable tetragonal to the stable monoclinic phase associated by dilatation and shear. 1) Tetragonal zirconia polycrystals are fine grain materials consisting predominantly of tetragonal grains. Among them Y-TZP with a stabilizer content of ³3 mol-% is the most common quality applied in different fields ranging from biomedical to engineering. 2) This composition is located in the t+c field of the phase diagram so that under equilibrium conditions approximately 20% cubic phase is obtained besides the tetragonal polymorph.
3) Conventional 3Y-TZP has a high strength exceeding 1000 MPa and a moderate fracture resistance of ³5 MPa√m. Upon replacement of zirconia by yttria, oxygen vacancies are introduced and act as to prevent the reversible tetragonal to monoclinic phase transition appearing in pure zirconia during cooling from the sintering temperature. 4 ), 5) Other trivalent "oversize dopants" from the group of lanthanides can also be incorporated into zirconia, the phase boundaries are however shifted with the cation size, so that larger cations than Y 3+ lead to a narrowing of the tetragonal field and a broadening of the t+c field.
6) Doping with Yb 3+ has an adverse effect, the tetragonal field slightly broadens and the cubic phase is obtained at relatively low stabilizer contents. An excellent overview on the phase relations in zirconia doped with different trivalent rare earth oxides is given by Wang. 7) While oversize dopants forming solid solutions in zirconia take an eightfold coordination with oxygen, even smaller trivalent dopants from the group of transition metals tend to form a sixfold coordination. 4) Yb-TZP has yet not been intensely studied, probably due to the apparent similarity to Y-TZP and the much higher price for the rare earth dopant. Yb-TZP powders are not commercially available. Nakayama compared the properties of ceramics made from Yb-TZP and Y-TZP powders of different stabilizer contents. 8) He found improved strength and hardness and incremental changes in fracture resistance and better performance if used as milling media. Studies by the author of 23 mol-% Yb-TZP made from ultrafine stabilizer coated powder showed that hardness and strength are higher than for Y-TZP made from the same starting powder, fracture resistance is lower at identical stabilizer content and that, in agreement with the published phase diagrams, slightly less stabilizer is required. 9),10) Different explanation models for the improved toughness of TZP materials made from powders stabilized by the coating methods compared to coprecipitated powder exist. While Burger interpreted the changes in toughness with sintering temperature in terms of an elimination of the initial stabilizer gradient, the group of Vleugels and Van der Biest interpreted the data in terms of a broadening of the grain size distribution in the Y-TZP microstructure.
11),12) Studies by the authors found experimental evidence for the validity of both interpretation models depending on sintering conditions. 13) TEM images aiming at clarifying the stabilizer distribution at the grain boundary show extremely yttria enriched grain boundaries for low sintering temperature and almost no difference to coprecipitated TZP material for high sintering temperature.
14),15) The present study aims at finding out more about the changes in mechanical properties, phase composition and microstructure in 3Yb-TZP in order to better understand the effects taking place with changes in the sintering temperature.
Experimental procedures
Powders synthesis starts from a soft agglomerated monoclinic zirconia nanopowder. The particle size after 2 h attrition milling measured by Mie method using a laser granulometer (Malvern Mastersizer, UK) was d 50 = 40 nm (specific surface area according to the manufacturer S BET = 15 m 2 /g). This powder was coated with ytterbia (99.9% purity) via the nitrate route. The procedure was first described in literature by Yuan and was modified by the authors by introducing an intermediate calcination step to suppress hard agglomeration. The latest version of the powder coating procedure is described elsewhere. 16 ), 17) The zirconia powder and a commensurate amount of ytterbium nitrate solution to yield 500 g of 3Yb-TZP was dispersed in 1000 ml 2-propanol and ball milled in a 2000 ml polyethylene bottle with 1000 g of 3Y-TZP balls of 2 mm diameter at 10 rpm. After the separation of the milling media, the alcohol was evaporated and the powder was pre-calcined at 350°C for 3 h. Then the dried powder was screened through a 200¯m mesh and calcined at 600°C in air for another 3 h. After addition of 0.5 wt.-% of alumina (d 50 = 300 nm, S BET = 8 m 2 /g) the powder was attrition milled in 2-propanol for 2 h using 2 mm Y-TZP balls. Again milling media were separated, the solvent was evaporated and the dried powder was screened through a 100¯m mesh to yield the binderless ready-to-press 3Yb-TZP. The coated powder was studied by TEM (Zeiss Libra 200 FE, Germany). The samples were manufactured by hot pressing of two disks of 45 mm diameter and 2.5 mm height each in a boron nitride clad graphite die at temperatures ranging from 12751500°C in vacuum (FCT Anlagenbau, Germany). Samples were heated at 50 K/min to 1150°C with an applied pre-load of 3 kN. Then the load was increased to 20 kN within 10 min at constant temperature. Finally, the temperature was increased at 30 K/min to the final temperature; meanwhile, the load was increased to 79 kN corresponding to 50 MPa axial pressure. The samples were kept at the final temperature and pressure for 1 h before the heater was switched off, the press was filled with argon and the load was reduced to 3 kN during cooling. The samples were then machined for mechanical characterization. Firstly the surrounding grit was removed by manual grinding using a 125¯m diamond disk, then the samples were lapped with a 15¯m diamond suspension (Struers Rotopol, Denmark). Finally the surface was polished with 15, 6 and 1¯m suspension to obtain a mirror like finish. The procedure was done for both sides of the specimens. After polishing, the elastic modulus was measured on entire disks by the acoustic method (IMCE, Belgium), the sintered density was determined by the Archimedes method. Samples of 4 mm width (seven bars per disk) for bending tests were cut with a diamond wheel (Struers Accutom, Denmark). Finally, the sides of the samples were lapped with 15¯m diamond suspension and the edges were bevelled by manual grinding on a 20¯m diamond disk.
Mechanical characterization included Vickers hardness measurement (HV10, 98.1 N applied for 10 s, five samples, Bareiss, Germany), bending tests in a four point setup with 20 mm outer and 10 mm inner span with samples of ³2 © 4 mm 2 diameter at a crosshead speed of 1.5 mm/min (Zwick, Germany, 1012 samples each). Fracture resistance was determined according to different indentation based methods. Direct crack length measurements on HV10 indents were evaluated using the Niihara model for Palmquist cracks (5 indents each, labeled as "DCM").
18) Indentation strength in bending tests were performed by placing a HV10 indent in the middle of the tensile side of a bending bar with the cracks parallel and perpendicular to the sides and measuring the residual strength in the same 4-pt setup immediately after indentation, fracture resistance values were calculated according to the model by Chantikul (4 bars each, labeled as "ISB"). 19) Furthermore, a stable indentation crack growth in bending test developed by Lawn and modified by Dransmann was applied (labeled as "SIGB"). 20) , 21) For the SIGB tests, samples were indented with 4 HV10 indents at a distance of 2 mm along the middle axis. The indented samples were left to rest for 2 weeks so that cracks could grow sub-critically to a stable extension. The SIGB test was performed in the same 4-pt setup at an increased crosshead speed of 5 mm/min. The load was continuously increased in increments of ³10% of the ISB residual strength. The first loading was carried out at 30% of the residual strength of the ISB tests. After each loading step, the crack lengths perpendicular to the sides were measured with a microscope. The exact procedure is described in detail in. 21 ), 22) The polished samples and the fracture faces resulting from ISB tests were investigated by XRD in the 2theta range between 2733°(Bruker D8, Germany, graphite monochromator, Cu K¡-radiation) to determine the transformability and transformation zone depth. The area of the monoclinic (111) and (-111) as well as the tetragonal (101) reflexes was integrated and the monoclinic content was calculated according to the calibration curve of Toraya.
23) The transformation zone depth was calculated according to Kosmac. 24) For SEM images (Zeiss Gemini, Germany), polished samples were thermally etched in hydrogen for 5 min at 1200°C. Images were taken at low acceleration voltage of 3 kV using in-lens technology. Grain sizes were measured by linear intercept method using Mendelson's correction factor. 25) 3. Results
Density and mechanical properties
Densities and Young's moduli of the samples sintered at different temperatures are shown in Fig. 1 . Density slightly rises from 6.306 to 6.327 g/cm 3 with increasing temperature. The most significant increment appears between 1300 and 1325°C, then the trend levels out. All samples can be considered fully dense. The Young's modulus shows small fluctuations in the order of the standard deviation around the expected value of 210 GPa without any tendency. Figure 2 shows the bending strength · 4pt and Vickers hardness HV10 of 3Yb-TZP sintered at different temperatures. The bending strength initially increases from 940 MPa at the lowest sintering temperature to 1100 MPa at a 1300°C. This strength level is maintained up to a sintering temperature of 1400°C. At this temperature, the standard deviation of strength values begins to increase drastically. This tendency is even stronger at 1425°C.
Here strength values scatter between 7001450 MPa while the mean values decrease to 810880 MPa. At 1450 and 1500°C, very high strength values >1000 MPa are hardly observed. While the strength stabilizes at this level, the scattering decreases. The Fig. 1 . Density µ and Young's modulus E of 3Yb-TZP sintered at different sintering temperatures. Kern et al.: Tough to brittle transition with increasing grain size in 3Yb-TZP ceramics manufactured from stabilizer coated nanopowder shape of stressstrain curves showed a perfectly linear elastic behavior. Vickers hardness HV10 increases with sintering temperature over almost the entire temperature range from 1260 at 1275°C to 1325 at 1450°C, finally at 1500°C the hardness slightly declines.
The fracture resistance measured by DCM method and evaluated by Niihara's model for Palmquist cracks as well as the fracture resistance determined by residual strength method ISB after an indentation with a HV10 indent are shown in Fig. 3 .
Both methods show similar tendencies. The fracture resistance is initially very high (K ISB ³11 MPa√m, K DCM ³9 MPa√m) for sintering temperatures ranging from 12751325°C. Then toughness starts to decline between 13501400°C and levels out at values of 55.5 MPa√m at high sintering temperatures. Interestingly, both methods deliver almost identical values from the start of the transition range (1350°C) to the highest sintering temperature and are systematically much higher for the ISB method at lower sintering temperatures (and resulting higher absolute toughness values). As in the ISB test the cracks are extended over the initial crack length this may hint at stronger R-curve behaviour i.e. an increasing contribution of process zone dependent toughening mechanisms in samples sintered at lower temperatures. Results from the SIGB method (not shown here in detail) were only partly exploitable, only the kink in the curve indicating the onset of crack growth (K app,0 ) could be located. 21) In the linear section, too few data points were collected to perform an extrapolation to K IC at infinite crack length. Still assuming that K ISB represents the "true toughness" at long crack length and that K IO = K IC ¹ K app,0 , it can be stated that at 1300°C K app,0 = 5.5 MPa√m and that consequently K IO = 6 MPa√m while at 1375°C K app,0 = 4 MPa√m and that consequently K IO = 2.5 MPa√m.
While absolute values should not be overestimated due to the fact that crack geometries and constraint of the initial crack by the transformation zones do change with rising fracture resistance, it can be stated that K app,0 (the R-curve dependent part of the toughness) declines with increasing sintering temperature and that K IO , the resistance to subcritical crack growth, is also drastically reduced.
Phase composition
For the determination of phase composition, polished surfaces as well as fracture faces originating from ISB measurements (which in contrast to samples from bending tests have a very straight surface and can be well aligned in the sample holder) were inspected. The results of the analysis according to Toraya 23) are shown in Fig. 4 . The polished surfaces of the samples always show a certain amount of monoclinic phase in the range of 39 vol.-%. The highest monoclinic contents are observed at sintering temperatures of 1300 and 1375°C. Monoclinic reflexes are extremely broad (three times broader than the tetragonal, not shown here) which implies that small monoclinic domains are formed. The monoclinic content in the fracture faces shows an initial plateau level of ³37 vol.-% at sintering temperatures between 1275 and 1325°C followed by a clear trend to decline linearly with increasing sintering temperature until a sintering temperature of 1425°C is reached. Here, the monoclinic content levels off at ³14 vol.-%. As expected, the resulting transformability V f = V m,fractured ¹ V m,polished shows a similar trend as that of the fracture resistance (Fig. 3) . Transformability is however relatively moderate for the high measured toughness values.
By calculation of the transformation zone depth h according to Kosmac, 24) the measured fracture resistance values can be correlated to the product of transformability V f and square root of transformation zone depth √h as outlined by McMeeking and Evans 26) (Fig. 5) . Assuming that in absence of other process zone related toughening mechanisms the total toughness is the sum if the intrinsic toughness and the transformation toughness increment (K IC = K 0 + K IC T ), the extrapolated intercept delivers the intrinsic fracture resistance K 0 . Intrinsic toughness values for the ISB data were K 0 = 4.4 « 0,1 MPa√m, for the Niihara Palmquist crack model K 0 = 4.9 « 0,1 MPa√m. The slope is related to the transformation efficiency, i.e. whether the transformation is purely dilatoric or includes contributions by shear. Compared to literature data by Swain and Rose and recalculated by Hannink the slopes of X = 0.560.92 are definitely by far too steep, 28) ,2) so that neither a purely dilatoric model (X = 0.22 and ¢ = 0.66 26),27) ) nor a model considering dilation and shear (X = 0.48) as proposed by Rose 28) lead to a reasonable fit over the whole data range (Fig. 5) . Reasonable fits can only be achieved if it is assumed that there is a mechanistic change and the high and low toughness sections have to be treated separately which then results in different values of K 0 for the two types of materials. This issue will be discussed in section 4 in detail.
Microstructure
A TEM-image (Fig. 6) of the coated and processed starting powder shows the nanoscale structure of the powder. The powder is loosely agglomerated, the attrition process was evidently unable to break the powder down to the primary particles. The individual crystallites of the powder have sizes between 2050 nm, the coated layer of ytterbia is not visible.
SEM images of the microstructure of 3Yb-TZP at different sintering temperatures are shown in Fig. 7 . Figure 8 shows the evolution of grain sizes with sintering temperature. At the lowest sintering temperature, the grain size is extremely small (130 nm at 1275°C), grain growth is very moderate up to a sintering temperature of 1350°C (162 nm), then grain growth starts to accelerate. The grain growth is accompanied by a change in the grain size distribution. At 1300°C, the grain sizes are relatively homogenous, largest grains have a diameter of 250300 nm, then a progressive formation of larger grains takes place, these grains, presumably cubic, grow faster than the surrounding tetragonal grains, the microstructural architecture becomes increasingly bimodal. At 1400°C, cubic grains of approximately 500 nm size are embedded in a tetragonal matrix with a grain size ranging from 100200 nm. At 1500°C, grain sizes reach average values of > 500 nm.
Another interesting detail is revealed upon studying the fracture edges of tensile sides of bending bars after fracture at high stress. The differential interference contrast indicates any topography changes such as uplift as a result of phase transformation. The material sintered at 1300°C shows an uplift along the fracture edge indicating a strong transformation in a zone of 2030¯m; whereas the material behind this zone seems to be unchanged. In this sample, the size of the transformation zone at the tensile edge seems to be much larger than the value determined by XRD according to Kosmac (23¯m) . 24) The TZP sintered at 1350°C shows less uplift but the uplift zone extends some 100¯m from the edge. Far from the edge some shallow ridges aligned along the fracture edge are visible. The fracture edge of the material sintered at 1400°C (Fig. 9) shows only incremental transformation at the edge and along short cracks originating from the fracture edge. Thus, it seems that the material sintered at 1350°C transforms in a larger volume at high load whereas transformation is restricted to the fracture edge in materials sintered at lower and higher temperature. There is however reason to assume that in XRD an integral value of the transformation zone was measured and that the transformation zone size will decline from the tensile edge to the compressive edge due to the fact that the stress intensity is highest where the catastrophic crack is initiated. Moreover, it seems that the material is actually too tough considering its moderate transformation behaviour. With respect to the possible explanation models shown in the introductory section, the data shown are strongly in favour of a stabilizer gradient model. We may assume that initially all stabilizer is outside the zirconia grains. With increasing temperature and time, more and more ytterbia diffuses into the grains, initially forming a stabilizer gradient over the grain diameter and an extremely supersaturated grain boundary. The clearly traceable residual monoclinic content of the materials without the presence of monoclinic grains in the microstructure supports the gradient model. It seems that the monoclinic phase is present as small domains within the grains, this assumption is supported by TEM images by Ohnishi. 15) With increasing temperature and ongoing diffusion, the stabilizer gradient within the grains is more and more eliminated. The ytterbia uptake into the grain is terminated once the composition in the grain corresponds to the composition of the t/t+c grain boundary at the given sintering temperature. As the total concentration of stabilizer (3 mol-%) is above that level (2.42.5 mol-% 7) ), the excess stabilizer has to be accommodated either in the grain boundary or has to form cubic grains. It is well known that the grain boundary of tetragonal grains in Y-TZP (and a priori also of Yb-TZP) can accommodate a higher fraction of stabilizer than the thermodynamic equilibrium content of the bulk (whether the structure of the shell is actually cubic or some kind of t' or t'' phase with almost cubic lattice is yet unknown). Thus grain size and hereby the ratio between grain boundary and bulk grain volume also have to be considered. Evidently, the ratio from grain boundary volume to bulk grain volume decreases with increasing grain size. This implies that at higher sintering temperature phase separation and formation of cubic grains will be favoured, even more so as in the case of TZP from coated powders and contrary to TZP from coprecipitated powders no "uphill diffusion" of stabilizer is required. In the case of a crack entering the grain, the resistance to transformation will be high as far as the stabilizer-supersaturated shell is concerned, but we can expect a strong transformation of the understabilized core. Thus, premature phase transformation before crack growth, as observed in case of Ce-TZP and its composites, 31) is not likely. A transformation induced kinking in stress-strain diagrams at high load was not observed, even for the toughest 3Yb-TZP specimen.
So far the model is relatively simplistic and does not take into account what happens when grains coalesce. Assuming that fine grains with a ytterbia-rich shell coalesce during the progress of sintering, a part of the ytterbia rich shell will be dragged into the inside of the new larger grain, excess ytterbia within the grain will immediately equilibrate with residual monoclinic. Thus, we may assume that the residual monoclinic will be almost entirely removed once the grain growth starts. As predicted, we observe that fracture resistance and transformability drop sharply between sintering temperatures of 13501400°C, i.e. in the temperature range where significant grain growth starts. It is therefore not surprising that the fracture resistance values of the materials sintered at the highest temperatures are typical for coprecipitated Y-TZP and show little change with variation of sintering temperature. As Ruiz and Readey have shown, only severe overfiring to grain sizes >1¯m can considerably increase the toughness of Y-TZP. 32) One question which has been arising during the interpretation of the phase composition in combination with fracture resistance data concerned the very high toughness of the materials sintered at low temperatures, especially when considering their moderate transformability. Possible sources of error might be overestimated toughness or underestimated transformability/transformation zone size values. The images of the edges of broken samples (Fig. 9 ) are in favour of the latter statement. XRD analyses were made on ISB samples which by pre-notching were not exposed to the full stress intensity such as the samples from 4-pt bending. With transformation zone sizes of 20¯m as found in the samples sintered at 1300°C, the transformation toughness increments K IC T may rise to a level beyond 5 MPa√m, while the calculation above leads to a value of K IC T ³ 2 MPa√m. For the samples sintered at 1400°C, no large transformation zones can be detected, here the calculations are presumably correct. What happens in the intermediate temperature range is very interesting. As shown in Fig. 9 , the zirconia on the tensile side seems to start to transform in a larger volume (local formation of ridges) than just around the crack zone, moreover the transformation zones are less pro- nounced. Consequently, although the material has the same transformability as the one sintered at 1300°C, the phase transformation seems less efficient, evidently the material transforms before the peak load is reached, this R-curve effect of a "subcritical growth of transformation zones" well known from Ce-TZP composites is similar to subcritical crack growth.
Thus, it is questionable whether an analytical treatment of all samples (as shown in Fig. 5 ) in one plot makes sense if we, as we have stated before, consider that there is a mechanistic change in toughening with different sintering temperatures. The slopes of the individual groups of tough and brittle materials may fit into the models, but the combination of both will probably not. If this is the case, we may suppose that the tougher materials, which have retained the stabilizer gradient, have either a higher intrinsic fracture resistance K 0 or a stronger and more efficient transformation behaviour than the ones sintered at high temperatures (which should be very similar to conventional Y-TZP made from coprecipitated powder). For theoretical reasons we may rule out transformation efficiencies X > 0.48. This statement is supported by the recalculation of earlier data obtained on hot pressed 2.25Yb-TZP and 2.75Yb-TZP made from stabilizer coated pyrogenic nanopowder. 9),10) For these materials, an intrinsic toughness of K 0 ³ 6.2 MPa√m was determined. Applying different K 0 values for the two groups of materials (67 MPa√m sintering temperatures <1375°C, 44.5 MPa√m for the rest), we obtain a fair quality of the fit for X = 0.270.48 as found by Swain 27) (Fig. 10) . It is thus probable that the stabilizer-deficient regions in the grains show a higher contribution of shear (such as the almost stabilizer-free tetragonal precipitates in Mg-PSZ).
2) We assume a smooth transition between these two values in the intermediate temperature range.
At first sight this looks like a forced fit if we start from the classical assumption that typical K 0 or K tip is a constant material specific value, and thus should be identical for all samples. We have seen however that the 3Yb-TZPs of identical net composition have completely different features. Thus the main question is what may be the reason for the increase in intrinsic toughness, which means the toughness in absence of process zone mechanisms? By definition, the mechanism behind this increase must be operative without any crack growth. The author's opinion is that this must be an effect related to residual stress within the grains. It has been shown, that samples contain a certain amount of monoclinic phase. As samples are entirely tetragonal (+cubic) at the chosen sintering temperatures, this monoclinic phase forms during cooling due to locally insufficient stabilization. The full width at half maximum (FWHM) values of tetragonal reflections in XRD is just 1/3 of the FWHM values of the monoclinic reflections. As grain size d relates to 1/FWHM we may assume that the size of the monoclinic domains is just a one third of the grain size d, i.e. ³30 nm for low sintering temperatures. If such monoclinic domains are present within tetragonal grains, they must put the grain under compressive stress from the inside resulting in a strengthening of grain boundaries. These intragranular monoclinic domains act towards reducing the stress intensity before the crack tip in contrast to intergranular monoclinic grains. In other words, K 0 is increased in these materials. The stress induced by a monoclinic inclusion with a radius R embedded in a grain with a radius r scales according to a cubic law with R 3 /r 3 . 33) Inclusions of given size in smaller grains thus have a larger effect than that of inclusions in larger grains, where the distance to the grain boundaries is higher. In addition to the compressive radial stress, there must be a tangential tensile stress at the interface of the tetragonal shell to the monoclinic inclusion. This tangential stress is of no importance as long as the crack does not enter the grain. The stresses however alter the ratio between grain boundary and grain strength, tangential stresses act towards crack opening and may intensify the transformation once the crack enters the grain. This explains why these materials have such a high strength despite high fracture resistance. This situation is similar to a situation of a particle with lower coefficient of thermal expansion than zirconia located inside the zirconia grain. In this case, the stress field results from residual cooling stress. This interpretation is supported by recent publications. 34 ), 31) Danilenko found extremely high toughness in absence of high transformability in 3Y-TZP with a coprecipitated alumina dispersion within the TZP grains. Apel reported on intragranular spinel particles in the matrix of Ce-TZP/spinel composites and extraordinarily high fracture resistance K IC > 15 MPa√m coupled with high resistance to subcritical crack growth.
Conclusions
3Yb-TZP materials were manufactured from stabilizer-coated nanopowders. Contrary to the tendencies in coprecipitated Y-TZP materials, a sharp drop of fracture resistance and transformability was observed at sintering temperatures above 1350°C. This transition from tough to brittle is accompanied by an increase in grain size and a drop in transformability. Evidence was found that this behavior is related to the redistribution of the stabilizer during sintering.
The tentative explanation is the following: At low sintering temperatures a stabilizer gradient is formed, leaving the shell of the zirconia grains overstabilized and virtually untransformable. In the core of the grains, tetragonal regions with lower stabilizer content provide high toughness once the crack enters the grain. Small intragranular monoclinic domains generated during cooling from sintering temperature put the grains under compressive stress which, should strengthen the grain boundaries. At higher sintering temperatures the gradients are eliminated by diffusion processes and the materials reach a condition similar to conventional TZP materials produced from coprecipitated powders. In order to substantiate this theory, further evidence has to be collected by TEM. So far, the only available STEM-EDS studies with YK¡-mapping carried out by Ohnishi show areas of very low yttria content having approximately 1/3 of the grain area in samples sintered at 1350°C. 15) 
